INTRODUCTION
In recent years, microscopic simulation models have gained increased acceptance as reliable investigative tools for understanding traffic operations and evaluating safety performance. Despite this trend, the development and application of these models to two-lane highway operations has not kept pace with those of freeways and urban networks, and this is due in large part, to difficulties in modeling the overtaking process. Various methods have been investigated for modeling the overtaking gap acceptance logic in traffic simulation. As compared to car-following or lane-changing models, however, it has been difficult to provide specific calibration parameters for overtaking gap acceptance due to the complexity of the process. This process is rendered complex by the large number of inter-related factors that need to be considered by the overtaking driver in a bi-directional driving regime.
Three major microscopic traffic simulation models have been developed specifically for two-lane highway operations, i.e. TWOPAS (St John and Harwood 1986; Leiman et al. 1998) ; TRARR (Troutbeck 1981; Shepherd 1994; Hoban et al. 1991) , and VTI (Ahman 1972) . TWOPAS was developed by MRI (Midwest Research Institute) in the early seventies and was modified by Leiman et al. 1998 under the name of UCBRURAL. This model was applied to estimate two-lane highway capacity and level of service in the Highway Capacity Manual (HCM) (HCM 2000) . TWOPAS model is also used in the Interactive Highway Safety Design Model (IHSDM) (Paniati and True 1996) as a Traffic Analysis Module (TAM). The overtaking logic in TWOPAS is probabilistic in nature and is based on gap acceptance probability functions for different overtaken vehicle speeds and sight distance limitations, i.e. limited by opposing vehicle or geometry. The probability functions in TWOPAS were determined from empirical overtaking data collected in the early seventies as reported in Harwood et al. 1999. TRARR was developed by the Australian Road Research Board (ARRB) as a research tool for the design of passing lanes in level highway segments (Hoban et al. 1991; Lovell et al. 1993 ). The overtaking logic in TRARR is deterministic and the decision to overtake is based on the available D r a f t overtaking time gap multiplied by a vehicle-specific safety factor. A driver aggressiveness factor is assigned to each vehicle such that drivers do not overtake when their aggression level is lower than that for any driver vehicle(s) in the lead position(s). The application of TRARR in the Netherlands resulted in higher overtaking frequencies or rates when compared to field observations (Hegeman 2004 ).
The VTI model was developed to analyze traffic behavior for rural two-lane highways in Sweden.
The stochastic overtaking logic of VTI is generally more advanced than either TWOPAS or TRARR. It accounts formally for a large number of factors affecting overtaking such as type of overtaking (flying or accelerated), available gap with opposing vehicles, type of overtaken vehicle (car or truck), as well as road cross-sectional width and grade. A total of 32 combinations of these factors were considered by the VTI model for which a separate gap acceptance versus gap size function was developed. Given the large number of factors that could affect overtaking, it is expected that the VTI model requires a significant amount of field data for its calibration and validation. A modified version of VTI known as RuTSim was proposed for two-lane highways by adding intersection control logic to the simulation framework (Tapani 2005); however, the same VTI overtaking model was used. An application of RuTSim for the analysis of overtaking assistance systems is discussed in Hegeman et al. 2009 . Among other models, Farah et al. 2009a used a critical gap acceptance concept and a binary Logit choice gap acceptance formulation. The critical gap for an overtaking vehicle was determined based on limited traffic variables, road geometry, and driver characteristics as obtained from a driving simulator. Farah et al. 2009b also developed a model linking overtaking time-to-collision (TTC) to overtaking gap acceptance. Their model is able to control for a myriad of road, traffic, and driver characteristics, as obtained from a driving simulator application.
More recently, Li and Washburn 2011 implemented a two-lane highway overtaking algorithm into CORSIM (Halati et al. 1997) . The overtaking decision in this model is based on comparing available gaps with estimates of the safe Passing Sight Distances (PSD) as proposed by the AASHTO Green Book (AASHTO 2004) . This approach, although simple to implement, does not make use of any overtaking field data for calibration; nor does it suggest a new behavioral overtaking logic. A number of studies have D r a f t suggested that PSD values in AASHTO are very conservative for application to overtaking behavior (Harwood et al. 2008 This review of current overtaking models indicates that the main challenge in modeling the overtaking maneuver is to provide a sound reliable link between the "decision-to-overtake" and available gaps in the traffic stream subject to changing road and traffic conditions. Unlike other driving regimes (such as car-following or lane-changing), for overtaking gap acceptance, the specification of model parameters are difficult to extract for two-lane traffic conditions and this is due mainly to the need to specify numerous factors influencing gap-acceptance behavior, such as, the size of the available gaps with opposing vehicles, vehicle operating speeds, type and length of vehicles, type of overtaking (flying versus accelerated), and driver's aggression level.
In most of the existing overtaking models the decision to overtake is established as a function of the available gap size (separating overtaking vehicle from the opposing vehicle prior to initiating the overtake). This decision will vary depending on other influencing factors, for instance, the probability of gap-acceptance for a given gap size will depend on the speed of the overtaking vehicle, the speed of the vehicle being overtaken as well as the speed of opposing vehicle. Given the number of these factors and their range of likely values, updating existing simulation models would require extensive overtaking field data, and this becomes especially important since the data used for calibrate most of the existing overtaking models is quite dated now. Hence the approach taken in this paper is to rationalize the data input requirements of the gap acceptance model within a new logic-based framework for two-lane operations.
D r a f t
The purpose of the research discussed in this paper is to develop and calibrate a new behavioral overtaking gap acceptance model for two-lane highways (referred to as OTSIM). The structure of the proposed model is such that the overtaking influencing factors are mechanistically encapsulated into a new decision variable known as Time-to-Collision (TTC) at the end of the overtaking maneuver as estimated by the driver at the beginning of the maneuver . The new decision variable considers not only the available gap size, but also a wider spectrum of gap acceptance decision variables that results in fewer number of gap acceptance model calibration parameters . TABLE 1 provides a side-by-side comparison of the OTSIM gap acceptance logic and its calibration effort versus those of the existing models.
FORMULATION OF OVERTAKING GAP ACCEPTANCE MODEL
The gap acceptance logic introduced in this paper takes a mechanistic view of the overtaking process. In this process, the initial desire-to-overtake is triggered in a car-following regime by the following vehicle (FV) driver, when his/her desired speed becomes significantly higher than the operating speed of the lead vehicle (LV) or the vehicle to be overtaken. As reported in Kim and Elefteriadou 2010, the proposed algorithm makes use of a default speed differential of 8 km/h to trigger this "desire to overtake". The FV driver searches for an appropriate gap with respect to the opposing vehicle (OP) to safely initiate the maneuver (i.e. pull out into the opposing lane and begin to pass). In principle it is expected that safety in overtaking depends on the FV driver's "perception" of what would be the likely time interval separating its position (post-overtaking) from that of the OP when the overtaking maneuver has been completed. It is reasonable to assume, that the FV driver will need to be cognizant of this "safe separation" in order to avoid a potential head-on crash with the OP. In this paper, this separation gap is referred as the FV's "time-to-collision" or ‫,ܥܶܶ‬ a measure that encapsulates a full spectrum of physical variables influencing the gap acceptance process. This gap is subject to driver perception at the instant overtaking is initiated by the FV.
D r a f t
In other words, the perceived ‫,ܥܶܶ‬ in addition to the initial available gap size, is taking into account the effect of overtaking distance and the distance travelled by the opposing vehicle in initiating the overtaking. This technically takes into account a whole spectrum of gap acceptance influencing factors such as the size of the available gaps with opposing vehicles, vehicles operating speeds, type, and length, type of overtaking (flying versus accelerated), as well as single or multiple vehicles overtakes.
In the overtaking gap acceptance logic two measures of ‫ܥܶܶ‬ need to be considered: 1) that which is perceived by the FV driver prior to initiating the maneuver ‫ܥܶܶ(‬ ) and 2) that which is measurable (TTC) from the position and speeds of the relevant vehicles after the overtaking vehicle returns to the original travel lane. Since it is not possible to obtain an accurate estimate of ‫ܥܶܶ‬ , it is assumed that ‫ܥܶܶ‬ can be expressed as a random variable with a mean of ‫ܥܶܶ‬ (the actual FV-OP separation time gap at the end of maneuver) and a random error term (ߝ) , such that:
In Eq.1, it is assumed that ߝ is a random variable with a normal distribution, such that:
The assumption of normality and value of the variance term ‫ݖ‬ ଶ must be verified empirically based on observed traffic data.
Estimating TTC
As illustrated in FIGURE 1, the estimation of TTC involves calculation of three sequential overtaking distances (or overtaking phases). ‫ܦ‬ ଵ : Distance travelled by the FV from initial decision-to-overtake to pull out (beginning of the OT maneuver) ‫ܦ‬ ଶ : Distance travelled by the FV from pull-out to the point where desired overtaking speed is achieved, and
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and ‫:ܦ‬ Distance between FV and OP when a gap becomes available
To estimate ‫ܦ‬ ଵ , a perception/reaction time of ‫ݐ‬ ଵ = ‫ݏ1‬ and a constant initial FV speed of ‫ݒ‬ are assumed such that the overtaking FV vehicle will cover a distance of:
During this time, the LV is assumed to cover a distance of ‫ܦ‬ ଵ ᇱ assuming a constant speed of ‫ݒ‬ ିଵ , such that:
To estimate ‫ܦ‬ ଶ , the time for the FV to pull out and attain its desired overtaking speed ‫ݒ(‬ ௗ௦ି௩ ) is estimated as:,
where ‫ݒ‬
ௗ௦ି௩
= desired overtaking speed of the FV
= maximum achievable speed of the FV (vehicle specific)
= maximum achievable acceleration of the FV from stopped position (vehicle specific) ݇ = proportion of maximum acceleration employed by the driver for overtaking
The distance covered in interval ‫ݐ‬ ଶ is estimated as:
and the corresponding distance traversed by the LV during the ‫ݐ‬ ଶ interval is:
The derivation of time duration and distance covered by overtaking vehicle to reach the desired overtaking speed is provided in Appendix 1.
To estimate ‫ܦ‬ ଷ , the distance covered by the FV in passing the LV and completing the OT in the interval ‫ݐ‬ ଷ , we use the expression:
where, ‫ݐ‬ ଷ is obtained from the expression involving headways, length of vehicles, speeds and distances, such that:
where: ‫ܹܪ‬ The total overtaking distance and time for FV is estimated as:
The opposing vehicle (OP) is also assumed to maintain a constant speed of ‫ݒ‬ ை during the FV overtaking maneuver. Hence during the ܶ ை் interval, the distance covered by the OP is estimated as:
The difference between the initial separation between FV and OP prior to pull out (main gap, ‫)ܦ‬ and the "closing" distance traversed by these vehicles during the overtaking is referred to as the residual gap ‫ܦ(‬ ோ௦ ), and this gap reflects the distance separating the FV from the OP after overtaking maneuver has been completed (pull back). This is the distance safety margin for avoiding a head-on collision. ‫ܦ‬ ோ௦ can be estimated as:
TTC is basically ‫ܦ‬ ோ௦ expressed in units of time, such that:
In those instances where the desired overtaking speed ‫ݒ(‬
) is not achieved prior to FV pull back, the distance ‫ܦ‬ ଶ is set to the return point and distance ‫ܦ‬ ଷ is set to zero. It should be noted that in the case of multiple overtaking, a contiguous platoon of vehicles (separated by short time headways of less than 3s) can be considered, such that all vehicles in the platoon are assumed to travel at the same speed of ‫ݒ‬ ିଵ ‫)ݐ(‬ and act as a single "undivided" decision unit or length. Hence the FV driver's initial decision is to overtake all or none of the LV vehicles in the platoon as an undivided unit. In order to generalize the ‫ܥܶܶ‬ for multiple-vehicle overtakes, the term ‫ܮ‬ ିଵ in Eq. 8 is replaced with the estimated length of the platoon. This acts to reduce the estimated ‫ܥܶܶ‬ resulting in a lower overtaking gap-acceptance probability.
In the case of a flying overtaking, ‫ݒ‬ takes the initial non-reduced operating speed of FV, which is normally higher than that of LV. In this case, ‫ܦ‬ ଶ is assumed to be close to zero, since the driver has skipped the catch-up process and the overtaking desired speed is already achieved. 
Calibration procedure
For the overtaking gap acceptance model considered in this paper it is assumed that each driver (݊) has a critical minimum acceptable gap ‫ܥܶܶ(‬ ௧ ), and this critical gap is assumed to be normally distributed with a mean of ‫ܥܶܶ‬ തതതതതത ௧ and a variance of ߪ ଶ , such that:
where, ݁ ~ܰ (0, ߪ ଶ ).
The parameters of the distribution for ‫ܥܶܶ‬ ௧ in Eq. 13 can be determined empirically from observed overtaking data. For accepted gaps, the available ‫ܥܶܶ‬ must exceed the critical value for the ݊ ௧ overtaking driver ‫ܥܶܶ(‬ ௧ ). Whether the perceived time-to-collision ‫ܥܶܶ(‬ ) is accepted or rejected, a decision variable ‫)ݕ(‬ can be defined as series of FV binary decisions, such that for the ݊ ௧ vehicle in the traffic stream:
Eq. 14 The probability that the ݊ ௧ overtaking vehicle accepts an available perceived gap ‫ܥܶܶ‬ can be expressed as: The overtaking gap acceptance parameters can be estimated experimentally using maximum likelihood, such that:
where, ܰ corresponds to the number of vehicles in the traffic stream being considered in "desire-toovertake" mode. Based on the observational overtaking data, Eq. 16 can be solved for ‫ܥܶܶ‬ തതതതതത ௧ and ߪ, such that the expression ‫ܮ‬ is maximized. For a given distribution of ‫ܥܶܶ‬ ௧ , the gap acceptance function is defined as the probability that a randomly selected driver will accept an available "perceived" ‫ܥܶܶ‬ .
CALIBRATING OVERTAKING GAP ACCEPTANCE
This section of the paper describes a two-lane highway traffic survey used to collect data for calibrating of the gap-acceptance model, with the subsequent results.
Traffic overtaking data
The overtaking data used to calibrate and validate the gap acceptance model were obtained from a videotaped survey of traffic along a 1-km stretch of two-lane highway in Southern Italy (the SS18 near D r a f t Amantea, CS). The videotaping was carried out over a three-hour period on two consecutive weekdays for ideal uncongested conditions: dry pavement, unrestricted visibility and near zero vertical grade. The posted speed limit on this segment of highway is 80 km/h. The segment was selected such that overtaking was permitted and geometry did not significantly restrict maximum sight distances. The videotaped segment was situated between two short overpasses.
As illustrated in FIGURE 2, two cameras were located approximately 50 meters above the highway at an offset distance of about 200 meters from the centerline. An average two-way volume of 533 veh/h was observed for the first day and 436 veh/h for the second day.
A program was developed by Guido et al. 2013 to extract frame-by-frame video images of the trajectory and speeds of individual vehicles in 0.1s intervals as they progress along their travel path. A more detailed description of the data collection experiment has been provided in Guido et al. 2013 . For the overtaking model calibration, a total of 97 vehicles trajectories were extracted from the three-hour videotaping in which the potential overtaking vehicle (referred to FV) was assumed to be in "desire-toovertake" mode, although not necessarily in the process of overtaking. To be in desire-to-overtake mode at least one of the following two conditions needs to be met:
• FV accepts an eventual gap within the observed segment after one or more gaps were rejected
• FV is observed to veer toward the centerline, presumably searching for an overtaking opportunity and the headway between the lead and following vehicles is less than 30 meters.
The latter condition was taken from Hegeman et al. 2004 , who observed that the distance between the overtaking vehicle and the vehicle being overtaken at the beginning of maneuver is distributed with mean of 17.8 m and standard deviation of 9.8 m, with about 92% of headways less than 30 m in length. The 97 sample trajectories yielded a total of 171 gaps of which 81 were accepted and 90 were rejected.
Using Eq. 2 to Eq. 12, the corresponding perceived time to collision was estimated at the moment the overtaking gaps became available. To estimate ‫ܥܶܶ‬ we assumed the following parameters are perceived by the driver to estimate overtaking distance and distance travelled by the opposing vehicle:
• ‫ݒ‬ ௗ௦ି௩ is assumed to be m km/h higher than the speed of overtaken vehicle ‫ݒ(‬ ିଵ )
According to Harwood and Sun 2008 , the overtaking speed differential (݉) between the FV and LV vehicles can be obtained based on the speed of the LV ‫ݒ(‬ ିଵ ), such that:
• Return headway ‫ܹܪ‬ ௧ is assumed to be 1 second as specified by Glennon 1988.
• Speed of the opposing vehicle ‫ݒ‬ ை is assumed to be the average speed of the traffic stream as observed from the SS18 survey (90km/h).
• ‫ݒ‬ ௫ is 160 km/h for all the vehicles. ݇ܽ ௫ was assumed to be 1.82 (m/s 2 ). This value is calculated from results of a recent overtaking acceleration study conducted in Brooks 2012. The actual acceleration depends on the speed of overtaking vehicle and can be calculated as:
ቁ.
These assumptions are set to reflect the driver's imperfect judgment of factors affecting the overtaking decision that may result in underestimation or overestimation of actual ‫.ܥܶܶ‬ The other parameters involved in the calculation of ‫ܥܶܶ‬ such as, ‫,ܦ‬ ‫ܹܪ‬ ௧ , ‫ݒ‬ ିଵ , and ‫ݒ‬ are assumed to be perfectly known by the driver at the beginning of the maneuver. For a given overtaking opportunity in the SS18 videotaped data, each FV driver's ‫ܥܶܶ‬ is estimated and gap-acceptance decision with respect to the perceived time-to-collision is recorded as a binary decision variable (0 for Rejected, 1 for Accepted). The results of this procedure are presented for a sample of trajectories in TABLE 2.
In this study, it is assumed that overtaking gap decisions are independent events, such that for a single driver the decision to accept a gap is independent of previous rejected gaps. In reality, one can recognize that the decision to accept a gap and overtake is very likely influenced by the number of gaps rejected previously, such that overtaking drivers are subject to an impatience factor in the process that D r a f t the shorter the gap that is eventually accepted to initiate the overtaking. The impatience factor could be obtained by observing sequence of rejected gaps for a longer highway segment observed over a more extensive period of time. However, such data were not available for this study and hence, this term has not been used in this analysis.
The error term associated with ‫ܥܶܶ‬ , as defined in Eq. 1, can be estimated from observations of accepted overtaking gaps for which ‫ܥܶܶ‬ can be calculated from the video recorded data at the end of each overtaking maneuver. For the 81 accepted gaps, the difference between the measured valued for the ݇ ௧ accepted gap at the end of the maneuver ‫ܥܶܶ(‬ ) and its perceived value ‫ܥܶܶ(‬ ) at the beginning of the maneuver reflects the error term for the ݇ ௧ overtaking driver, such that:
Calibration and validation results
FIGURE 3 illustrates the distribution of perception errors for a sample of overtaking accepted gaps in the videotaped data. The mean of the perceived distance and time distributions was found to be around zero with corresponding standard deviations of 52 meters and 1.2 seconds, respectively. This also validates the assumption of normality of perception error distribution.
Of the 171 overtaking gap decisions in the videotaped sample, 70% were selected for calibration and 30% In order to determine predictive ability of the overtaking gap acceptance model, the Probit model was applied to an "independent" validation sample of gaps (30% of gaps). The percent correct prediction rate for the validation sample was found to be 89%, confirming that the calibrated model predicts overtaking gap acceptance for a different dataset with very good transferability.
MODEL COMPARISON AND TRANSFERABILITY CHECK
The above overtaking gap acceptance model was integrated into a more extensive microsimulation framework, that comprises several well-established traffic modules, such as, GHR car following model (Gipps 1981 ), platoon generation model (Miller 1967) , and free-flow driving regime.
For the purpose of this study, a computer code was programmed in Matlab to integrate these different modules into a single traffic simulation platform (OTSIM). From the video recording study, the average following time headways for vehicles in desired-to-overtake mode was found to be 0.8 second, while for other car-following drivers not desiring to overtake was 1.3 s. The GHR car-following model parameters were calibrated to address changes in the two car-following regimes. The car-following parameters calibration results are reported in TABLE 4. Since the primary focus of this paper is on overtaking maneuver, the performance measures used in comparing model results are: average overtaking rate (OR) and average travel speed (ATS). For this exercise, it is assumed that the average desired speed of vehicles is equal to the posted differential speed limits of 100km/h and 80km/h for cars and trucks, respectively. The coefficient of variation for the desired speed is assumed to be 0.1 (details about these assumptions are provided in Fitzpatrick et al. 2003) . significantly overestimate the overtaking rate in comparison to the field data. However, the OTSIM overtaking rate yielded the lowest error with respect to these data for direction 1. TWOPAS on the other hand generated a significantly higher error (lower overtaking rate) compared to OTSIM for this direction.
For direction 2, the lowest error was obtained for TWOPAS; although, the difference between the two D r a f t simulations (TWOPAS and OTSIM) is not high. For ATS, the absolute difference between simulation and the field data was found to be lowest for OTSIM as compared to TWOPAS. It appears that OTSIM was able to yield closer overtaking rates and average travel speed with respect to field data than those that were obtained from the TRARR and TWOPAS model simulations. 
CONCLUSION AND FUTURE WORK
An analytical and behavioral formulation of the overtaking gap-acceptance process for two-lane highway operations was discussed in this paper. The decision to overtake was expressed as a function of the perceived time-to-collision (TTC) and established driver gap-acceptance thresholds. The gap-acceptance logic adopted in this research is assumed to encapsulate the full spectrum of physical variables influencing the gap-acceptance decision, resulting in reduced numbers of parameters requiring 
